Abstract-The ATLAS Muon Spectrometer is designed to provide efficient and precise stand-alone momentum measurement for muons of momentum up to O(1 TeV/c). The fluctuations of the muon energy loss in the material upstream of the Muon Spectrometer could deteriorate the physics performance, which requires the momentum to be determined at the interaction point. A method to account for this energy loss using the calorimeter information is presented. The method provides an estimate of the energy loss on an event-by-event basis thus reducing the statistical fluctuations. The improvement in the momentum resolution by the significant suppression of the non-Gaussian tails of the energy loss is demonstrated using simulated single muon data. The performance of the method on physics samples with muons in the final state is also briefly discussed.
I. INTRODUCTION
A TLAS [1] , currently under installation, will exploit the full physics potential of the LHC [2] . The ATLAS Muon Spectrometer (MS) [3] is designed to perform efficient and accurate stand-alone muon identification and momentum measurement (Stand-Alone muon reconstruction) [4] more than a hundred radiation lengths from the interaction point. Thus, the back-tracking of a muon to the production vertex should appropriately take into account the material induced effects, namely the energy loss and the multiple scattering. To achieve optimum resolution, the MS and the Inner Detector (ID) [5] measurements must be combined (ComBined muon reconstruction) [6] . As shown in Fig. 1 , in the low momentum regime, the precision of the momentum measurement is determined by the accuracy of the ID, while the MS is used mainly to provide the muon identification. At higher momenta, the MS provides most of the information in the momentum measurement. The crossover point varies between
GeV/c in the barrel region and GeV/c in the forward region. The energy loss of muons follows roughly a Landau distribution ( [7] , [8] ), which is asymmetric. In order to determine the muon momentum at the interaction point, the muon energy loss upstream of the MS should be added to the momentum determined by the stand-alone MS measurement. More precisely, the energy loss estimate is treated as an additional parameter in the track fitting procedure, which is given an estimated value and an uncertainty according to the energy loss estimation method used. Traditional energy loss corrections use a parametrization of either the most probable (mop) or the mean energy loss as a function of the particle's momentum and the amount of material it traversed. This statistical approach, although reasonable in several cases, cannot account for the event-by-event fluctuations of the energy loss. These fluctuations contribute to a significant non-Gaussian tail of the energy loss resolution, which propagates to the momentum resolution at the interaction point. A method accounting for the energy loss fluctuations on an event-by-event basis using the calorimeter information is appropriate and its development is presented. Furthermore, it has been found that an improved energy loss resolution is achieved by combining the calorimeter measurement with the mop parametrization in the so-called "hybrid" method. A comparison between the results of the hybrid method and parametrization alone is also presented.
Although the measurement of ionization energy loss has been extensively used for high energy particle identification since the early 1950s [9] , this has not been the case for muon momentum reconstruction. An overview of the early energy loss measurements and calculations is given in [10] , while more recent reviews can be found in [11] and [12] . In the pre-LHC energy regime, the muon could be considered as a minimum ionizing particle, and furthermore the common practice was to perform the particle tracking as close to the production vertex as possible in order to minimize the detector material effects. However, in [13] showers induced by TeV muons in future experiments is suggested, while in [14] the response of the ATLAS tile calorimeter prototype to muons is studied in detail, and its possible use for the muon energy loss determination is considered.
For this study, all samples were fully simulated using the GEANT 4 [15] based ATLAS detector simulation [16] , without pile-up. The results of preliminary studies with pile-up are encouraging. The physics samples were generated with PYTHIA [17] .
II. PARAMETRIZATION OF THE MUON ENERGY LOSS IN ATLAS
The statistical properties of the energy loss depend only on the momentum and the traversed material. The mop energy loss is parametrized by a continuous three parameter function of momentum expressing the physical aspects of the energy loss process:
The first term of (1) describes the minimum ionizing part of the muon energy loss, while the second and the third terms describe the relativistic rise and the radiative effects, respectively. The parameters themselves (except for parameter A) are functions of pseudorapidity , accounting for the different material traversed in a given direction, and their values were determined using single muon samples of constant momentum. The aforementioned function can be used for the parametrization of the mean energy loss as well. In Fig. 2 , the mop and mean energy loss are presented as a function of for a particular bin together with their parametrized description. Additionally, the width of the energy loss distribution, , was parametrized as a function of momentum (and ) by a first degree polynomial, while the uncertainty of the mop energy loss estimate was determined by measuring the 90% probability intervals in each side of the energy loss distribution (asymmetric uncertainty) and transforming them to Gaussian standard deviations.
The parametrizations were validated with independent single muon samples of constant in the range 10-1000 GeV/c. Their performance in terms of the difference between the parametrized and the true energy loss, normalized to the mean true energy loss, is summarized in Fig. 3 . A distinction is made between the mean value, Fig. 3(a) , and the Gaussian mean, Fig. 3(b) , of this distribution. In the first case, the mean parametrization provides a satisfactory description at the expense of overestimating the energy loss of muons at the core of the asymmetric Landau distribution. In the second case, the mop parametrization, which underestimates the mean energy loss, is well centered about the core of the energy loss distribution. As shown in Section IV, the calorimeter information is used to determine the large energy losses. Thus, the mop parametrization is more appropriate to describe the muons with energy loss in the core of the distribution. In the case when no calorimeter information is available, the overall momentum distribution is a convolution of the asymmetric Landau energy loss and the Gaussian MS resolution. A correction using an appropriate truncated mean is applied to account for the effect of this convolution.
III. DESCRIPTION OF THE MEASUREMENT OF THE MUON ENERGY LOSS IN ATLAS
Each muon track is extrapolated back to the ATLAS Calorimeters [18] where measurement cones are formed in the plane (small square of Fig. 4) . The cone radii are chosen separately for each calorimeter according to its segmentation and the extrapolation error: for the hadronic calorimeters and for the electromagnetic calorimeter. Within each cone, the recorded energy of the cells is summed, using a threshold equal to 4 times the RMS noise. In the presence of pile-up, it is foreseen to subtract the mean energy contribution. In the case where no significant energy above noise is observed in a calorimeter segment, the most probable energy deposition in this segment is used.
The electromagnetic and hadronic parts are summed and corrected for the e/mip ratio ( [14] , [19] , [20] ) and for the energy deposited in the additional passive material traversed by the muon (e.g., the cryostats). The former correction is necessary because the ATLAS calorimeters are calibrated in the electromagnetic energy scale, while the latter correction is determined using the material map of the GEANT 4 simulation of the ATLAS detector and the mop parametrization derived in the previous section. This passive material represents on average 10% of the total material upstream of the MS, but can reach as much as 20% at some regions. The resulting energy is the measured estimate of the muon energy loss upstream of the MS.
IV. DESCRIPTION OF THE HYBRID MEASUREMENT/PARAMETRIZATION METHOD
The muon energy loss, being Landau distributed, is characterized by a core region around the mop value, plus a long tail with large energy loss. The calorimetric measurement of this tail is performed with a relative resolution which scales as , providing an accurate description of the large energy losses. On the other hand, the mop parametrization offers high accuracy for muons with energy loss in the core of the Landau distribution. Thus, an improved energy loss resolution is achieved when these two approaches are combined (hybrid method): the calorimetric energy loss measurement is used when the energy deposition is significantly larger than the mop value; otherwise the mop parametrization is used. The transition value between the two approaches is , which was found to provide an unbiased momentum reconstruction despite the asymmetry of the Landau distribution. The fraction of muons which make use of the calorimeter measurement increases with increasing momentum and reaches 60% at TeV/c. The calorimetric energy loss measurement is reliable only for isolated muons. A study of muon isolation has been performed using calorimeter and charged track isolation and muon criteria. Calorimeter isolation is based on the energy deposition inside an isolation cone as shown in Fig. 4 , while charged track isolation is based on the number of ID tracks accompanying the muon at the interaction point. The evaluation of the method was performed using a fully simulated sample, where the W bosons were forced to decay to muon plus neutrino. Muons produced by the semi-leptonic decays of b or c quarks tend to be non-isolated, while those from W decays tend to be isolated. Table I shows the sequence of the requirements and the cumulative efficiencies. The hybrid method is only used when the muon is tagged as isolated; otherwise the energy loss is determined by the mop parametrization.
V. PERFORMANCE WITH SINGLE MUON EVENTS (STAND-ALONE AND COMBINED)
The relative performance of the two different methods, namely the mop parametrization (Section II) and the hybrid method (Section IV), for the muon energy loss estimation is compared using fully simulated single muon samples of constant in the range between 10 GeV/c and 1000 GeV/c. Fig. 5 shows the ratio of the energy loss resolution for the hybrid method, , with respect to the mop parametrization method,
. For low values, the ratio is close to 1, because in this region the two methods are roughly equivalent. However, Fig. 6 . The fraction of single muon events within a fixed window of the energy loss resolution, 631 , for the hybrid and the mop parametrization method as a function of P .
the ratio then decreases with increasing , approaching 30% at TeV/c. Thus, a significant improvement in the energy loss estimate is gained by the use of the hybrid method. In Fig. 6 , the fraction of events within a fixed window of the energy loss resolution, , is shown for both methods as a function of . The reduction of the tails when using the hybrid method is significant for GeV and reaches 60% for TeV/c. The improvement made to the momentum resolution at the interaction point is presented in Fig. 7 , where the ratio of the resolution obtained with the hybrid method with respect to the mop parametrization is shown as a function of . For the stand-alone muon reconstruction, Fig. 7(a) , an improvement of 5-10% is observed over most of the momentum region. At low , the influence of the energy loss fluctuations in the momentum resolution is more significant, but the benefit from the hybrid method is moderate because for most muons the energy loss is consistent with the mop expectationand dueto the cut imposed in the isolation criteria. At high , the benefit from the hybrid method is larger, but so is the momentum uncertainty originating from the intrinsic MS resolution. The latter reduces the impact of the energy loss fluctuations on the momentum resolution. A significant part of the improvement achieved using the hybrid method is maintained with the combined muon reconstruction as shown in Fig. 7(b) .
VI. PERFORMANCE ON MASS RECONSTRUCTION OF RESONANCES DECAYING TO MUONS
The improvement in the muon momentum resolution leads to a corresponding improvement in the mass resolution of resonances decaying to muons, these quantities are connected by (2) . (2) In Table II , the resolution of the methods on dimuon invariant mass reconstruction is presented for the Standard Model electroweak boson and for a hypothetical heavy vector boson . Stand-alone and combined muon reconstruction are considered. For the , the improvement follows the properties presented above for single muons, both in the stand-alone and the combined reconstruction case. Some of the improvement in the sample is due to the fact that the hybrid method accounts for the final state radiation, while the parametrization does not. Stand-alone reconstruction is almost as good as combined reconstruction for because at high momenta the momentum resolution is dominated by the MS measurement.
The resolutions on the mass from the hybrid and the mop parametrization methods are directly compared in Fig. 8(a) ; the corresponding comparison for the mass is presented in Fig. 8(b) . Quantitively, for stand-alone reconstruction, the number of events inside a fixed window, of the mass resolution, is increased by 4% using the hybrid method. The respective increase for events is 7% for stand-alone and 6% for combined reconstruction. Therefore, the use of the hybrid method provides a better resolution and consequently a better signal-over-background ratio , which may improve the statistical significance of a potential discovery.
VII. CONCLUSION
A method exploiting the calorimeter information to provide accurate estimate of the muon energy loss upstream of the ATLAS Muon Spectrometer is presented. The calorimeter measurement is combined with the most probable energy loss parametrization to obtain an improved resolution. Care is taken to distinguish between isolated and non-isolated muons.
The method significantly improves the resolution on the muon energy loss and decreases the non-Gaussian tails with respect to the simple parametrization method. The improvement on the energy loss resolution propagates to the stand-alone muon reconstruction providing on average a 5% improvement on the muon stand-alone momentum resolution in the range from 10 GeV/c to 1 TeV/c, reaching 10% for GeV/c. A significant part of the improvement on the stand-alone muon reconstruction is inherited by the combined muon reconstruction. Moreover, the improvement on the stand-alone muon reconstruction facilitates the matching between the MS and the ID tracks resulting to a more efficient combined reconstruction.
The improvement on the momentum resolution has an impact on the reconstruction of resonances decaying to muons , thus improving the signal-over-background ratio and the physics discovery potential.
